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Ejecta Model Development at pRad (U) 

W. T. Buttler, D. M. Oro, G. Dimonte, C. Morris, G. Terrones, J. R. Bainbridge, G. E. Hogan, B. 
Hollander, D. Holtkamp, K. Kwiatkowski, M. Marr-Lyon, F. Mariam, F. E. Merrill, P. Nedrow, A. 

Saunders, C. L. Schwartz, B. Stone, D. Tupa, and W. S. Vogan-McNeil 

Los Alamos National Laboratory, Los Alamos, New Mexico 

In July 2009 we fielded three explosively (HE) driven Richtmyer-Meshkov instability experiments at the 
LANSeE Proton Radiography Facility (pRad), and in August of 2009 we fielded one flyer plate experiment on 
the pRad 40 mm powder gun. One HE experiment was done in vacuum, and the other two within four 
atmospheres of noble gasses: Xe and Ne. These two gasses were chosen to study the viscous effects on ejecta 
formation. It is unexpected, but the viscosity TJ of Ne is twice that of Xe, and, due to the atomic mass difference 
between the two, the kinematic viscosity (TJ/p) of Ne is about ten times that of Xe. The results showed that ejecta 
formation is sensitively linked to the gas density, which implies that the Weber number is more important in 
ejectaformation than the Reynolds number. 

Los Alamos National Laboratory (LANL) is 
presently engaged in development and 
implementation of ejecta source term and transport 
models for integration into LANL hydrodynamic 
computer codes. Support of that effort spans a broad 
array of experimental activities, including gun- and 
HE-driven ejecta source and transport measurements 
from machine roughened Sn surfaces.I

-
9 Because the 

underlying postulate for ejecta formation is that 
'ejecta are characterized by a special limiting case of a 
Richtmyer-Meshkov instability (RMI),IO·11 where the 
Atwood number is A = _1,12 a key element of the 
source modeling and transport centers on shocked-Sn 
validation and verification RMI experiments, such as 
the experimental results presented here. 

In past LANL RMI experiments, the instabilities 
were formed by shocking the Sn with a high speed 
flyer launched fast enough to liquify the Sn on shock. 
However, because most of our roughened surface 
ejecta data come from HE shocked Sn samples,13 we 
altered the FY09 experiments to include HE driven 
measurements. This change in philosophy required a 
quick experimental package redesign to facilitate a 
success oriented schedule. The redesign was further 
complicated because the Sn HE ejecta experiments 
were typically done at shock pressures just prior to 
release of PSB ::; 30.0 GPa. Our initial estimates of the 
pressures concluded that the pressures for these 

experiments would be closer to PSB "" 35 GPa, which 
was confirmed by velocity measurements effected 
with optical Doppler velocimetry methods, as well as 
velocity estimates from the proton radiographs. 

It is important to note that the FY09 experimental 
package designs were informed by FY08 activities. 
In FY08, our Forest flyer l4 plate-impact experiments 
were done at pRad with the -/ magnetic lens : one 
experiment in vacuum and one in gas. On those 
experiments the flyer velocity was diagnosed with 
proton radiograph images of the flyer in flight. This 
flyer plate velocity was then used to estimate the 
material loading pressure, 15 which typically turned 
out to be PSB 2: 65 GPa. These pressures are, 
technically, too high to study the ejecta formation as 
the Sn liquifies on shock at these pressures. The HE 
geometry lowered this pressure, but it nevertheless 
remains high relative to the lower pressures we want 
to achieve in FY 10, which are more commensurate 
with the roughened surface ejecta studies that have 
loading pressures prior to release of 16::; PSB ::; 30 
GPa. The implication is that the FY 10 packages must 
be redesigned to achieve these lower pressures, or 
else different materials, such as Cu, win need to be 
studied. Further, the late-time curvature of our 
dynamic system complicates hydrodynamic studies 
of the RMI phenomena. Therefore, designs that 
minimize curvature caused by release waves are 
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Fig. 1 This figure shows the HE package geometry together with the pressure can assembly. 

sought, with HE systems or otherwise. 

The FY09 package design is presented in Fig. 1, with 
individual components shown in Fig. 2. This package 
incorporated a P025 HE lens and a PBX 9501 booster 
in contact with the titanium buffer onto which the Sn 
sample was mounted. The HE was confined within a 
Delrin cylinder that had a Lexan tube capped by 
Delrin. The Delrin cap further permitted inclusion of 
seven laser Doppler velocimetry probes that were 
posit ioned to monitor the free surface velocity in four 
places, and the RMI bubble and spike velocities. 
(These experiments were the first experiments in 
which the bubb:Ie and spike velocities were 
monitored relative to the particle velocity.) 
Monitoring of the particle velocimetry relates the 
shockwave loading pressure just prior to release, and 
the monitoring of the RMI bubble and spike velocity 

gives the nonlinear regime of the bubble and spike 
velocity growth together with the saturation 
velocities of each . 

The Ti buffer had an outer diameter, d = 76.2 mm 
and thickness, 't = 4 mm, with a 1 mm deep counter­
sunk area, on the package center-line, that was cut to 
the Sn target diameter of d = 42 mm. The Sn target 
was epoxied into the counter-sunk region. The 
average Sn target thickness was 't = 2 mm, and had 
three regions with a sine-wave pattern machined into 
the surface. The three regions were separated by two 
flat regions used to determine the shocked sUiface 
particle velocity. The three sine-wave areas were 
defined by two different wavelengths of AI = 0.60 
mm, A2 = 2.5 mm, and A3 = 0.60 mm. The 
corresponding sine-wave amplitudes were al = 0.025 
mm, a2 = 0.10 mm, and a3 = 0.1 0 mm. These 
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Fig. 2. Target package parts for the FY09 RMI experimental series. The targets incl.uded the 
three sine-wave regions separated by two flat regions finished to Ra = 16 fJ.in. (0.4 ~m) 
roughness across the surface, including the sine-wave regions. This roughened finish can be 
seen in the target photograph on the upper right . 
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Fig. 3. Hydrodynamic modeling resul:ts for the Fig. 1 experimental package design. In these 
images, the left image shows the TNT, Delrin, PBX 9501, Ti and Sn locations. Subsequent images 
show the outlines of the expanded product locations in yel'low, with the Sn in solid gray. The 
shockwaves are also shown as they transmit and reflect within the shocked, expanding 
materials. The Sn is seen to decompress with time. 

parameters gave wave-number and amplitude 
products of k, a, = k2 a2 = 114, and k3 a3 = l. 
Figure 2 includes photographs of the Fig. 1 parts 
together with a photograph of one of the Sn targets 
and a cross-section view of the requested finish. 
Embedded on top of the otherwise smooth finish was 
a machine roughness of Ra = 161lin. (OAllm). Future 
experiments will require a diamond-turned finish as 
ejecta from this roughness was seen above the 
shocked surfaces in the pRad radiographs. Earlier 
ejecta studies have shown that diamond turned 
finishes produce essentially no ejecta, which is 
consistent with RMI theory of long-wavelength and 
small-amplitude perturbations. 

The hydrodynamics for the Fig. 1 experimental 
package were modeled with Pagosa in X-4. The 
modeled results are shown in Fig. 3. The times on the 
lower left are relative to detonator breakout. The 
materials are identified within the figures: Delrin, 
TNT, PBX 9501, the Ti buffer, and the Sn target. A 
close inspection of the calculation shows the 
shockwaves in the Delrin, Ti, and the reflected 
shockwaves from the Ti back into the HE 
byproducts. 

The goal of the hydrodynamic modeling is to 
determine if the package curvature can be modeled 
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well, and once done, to use the modeling to inform 
future package designs. Not shown in the modeling 
results of Fig. 3 is the Lexan can that was used to 
pressurize the package with Ne and Xe for two of the 
experiments. In those two experiments, the gas 
pressure was 4 atm., for each experiment. Therefore, 
for this RMI experimental series we fielded three 
packages: vacuum, 4 atm. Xe, and 4 atm. Ne. The Ne 
and Xe experiments studied the effects of viscosity 
versus gas density on spike breakup, or ejecta 
transport. 

In fielding experiments, at pRad it is necessary to 
establish the type of imaging experiment, e.g., one­
to-one magnification or three-to-one magnification, 
the inter-frame imaging times, and the attenuation 
parameters. For these efforts past experience aU owed 
determination of the attenuation parameters, as well 
as a guide to the time from load-ring to detonator 
breakout, and then from detonator breakout to the 
shockwave breakout at the free-surface. Earlier work 
emphasized the need for the x3 magnif.ication 
capability to image ejecta formation and breakup to 
support ejecta model development efforts. Regarding 
the specifics of timing, because data on detonation 
velocities in TNT and PBX 9501 exists, those data 
were used to estimate the detonation times 
reasonably accurately. These estimates, together with 
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Fig. 4. Images from the FY09 pRad RMI experiments. The time of each image is shown in the 
lower portion of each image. The instabilities are not fully resolved at this image scale and 
contrast level. However, the salient features, that include bubble and spike positions relative to 
the flat regions are evident. 

detonator tIme data, were used to estimate the timing 
for the images. Because a good estimate of the 
breakout time is desired, the HE detonation and 
shockwave velocities were used to predict when the 
shockwave would release at the SnNacuum or 
Sn/gas interface, with an expectation of some jitter in 
this time. To account for timing variation, one 
exposure was chosen at the estimated breakout time, 
one exposure 300 ns earlier, and one exposure 300 ns 
later, to ensure a good estimate of the breakout time . 
Once the breakout time was in hand, and based on 
the 40 mm field of view, the expected shockwave 
pressure PSB in the Sn material just prior to the 
shockwave release is combined with the ejecta 
velocity model to estimate the speeds of the fastest 
ejecta and set the subsequent inter-frame camera 
times for the vacuum experiment. The ejecta model 
we are working with is based on a Meyer-Blewett 
approximation ' 2 for the fastest ejecta, and it gives 
estimates for the ejecta "spike" velocities of 
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U spk = U Is + U Is - 2 - -kal U fS J 

2 u sh 

where Uspk is the fastest spike velocity, Umb is the 
Meyer-Blewett velocity, Urs is twice the particle 
velocity (a.k .a the "free-surface" velocity), ka is the 
product of the wavenumber and amplitude, and Ush is 
the velocity of the shockwave within the shocked 
material, Sn for our purposes. Assuming PSB "" 35 
GPa implies Urs "" 2.25 mmills and that Ush "" 4.27 
mmllls. Using the largest ka = 1 for this system gives 
Uspk"" 3.9 mmillS. Given that pRad provides 19 high 
quality images for the x3 magnifier, that three of 
those images were grouped early to capture breakout, 
the remaining sixteen were grouped every 700 ns for 
the experimental duration . 
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Fig. 5. Vacuum, Ne, and Xe pRad RMI time-series data, beginning just after shockwave breakout, 
or release. The Sn material is fully liquid on release, and the gas pressure was about 4 atm. for 
each pressurized experiment. Image times have been matched as well as could be done given 
that we adjusted the times after the vacuum series. 

After the vacuum experiment, we saw that first 
motion occurred after the third image, so we delayed 
the timing for the Xe experiment about 200 ns. For 
the Ne experiment we shifted the timing another 700 
ns later. The end result is a good estimate of the 
timing breakout for all three experiments. Finally, it 
was observed that PSB "" 38 GPa, higher than 
expected, a result that will be addressed with a 
further redesign of our package for FY 10 
experiments. This also meant that our estimate of Uspk 

was a little low with the better estimate being Uspk "" 

4. 1 mm/J..ls. In each case at these shock-loading 
pressures the Sn is shocked from the beta to bottom­
centered-tetragonal phase, and releases to 100% 
liquid. 

These preparations led to the vacuum data presented 
in Fig. 4. This series of images shows the short­
wavelength, large-amplitude (ka = 1) RMI spikes 
travel the fastest, with the short-wavelength and 
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small-amplitude (ka = 114) traveling at a similar yet 
lower velocity as the long-wavelength and large 
amplitude (ka = 1/4) . The bubbles are also clearly 
evident and distinguishable from the free-surface 
(particle) velocity that is determined by the flat 
regions between the sinusoidal perturbations. Also 
evident is the decompression of the Sn with time that 
is denoted in the lower portion of each image. 

While every effort was made to create a smooth and 
continuous interface between the flat regions and the 
perturbed regions, interface wave effects at the 
transition between the flat and perturbed regions are 
nevertheless in evidence. The curvature of the surface 
increases with time and is exclusively due to late­
time release waves scattering within the shocked Sn 
interface. More desirable would be a completely flat 
and clean shock release. We will use the 
hydrodynamic modeling of the packages, as shown in 
Fig. 3, to inform FY 10 experimental packages. 
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Fig .. 6. Continuation of the vacuum, Ne, and Xe pRad RMI time-series data. Image times have been 
matched as well as could be done given that we adjusted the times after the vacuum series. 

To first order the bubble velocities should be Ubbl == 

Ufs - £1mb. In Fig. 4 it is clear that the bubbles are not 
traveling at the same relative speed to Ufs as Uspk. This 
is particularly evident in the long-wavelength region . 
It is thought that this difference from expectations is 
due to the fact that the large wavelength is larger 
than, but on the same order of scale, as the target 
thickness. We also suspect that the 2 mm Sn 
thickness is too thin to approximate an infinite well 
of mass for bubble and spike growth. This is 
important because the Meyer-Blewett results are 
based on this assumption. This is likely the cause of 
the deviation of the bubble velocities from the 
predictions. 

The full time-series data are presented in Figs. 5 to 7. 
Removed from these data are the long-wavelength 
regions for reasons mentioned earlier (e.g., A == 1), 

and the A = 600 /lm regions with a = 25 /lm and a = 
100 /lm are positioned side-by-side. The flat regions 
that relate U''s were kept, and the time-stamps, which 
are relative to detonator-breakout, are included in the 
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bottom of each image and are matched as well as 
possible to the nearest times of other frames. These 
images are also adjusted for contrast to reveal where 
the spike-masses are. Because of this, the bubbles are 
not perfectly resolved, as can be seen in comparisons 
with Fig. 4, whose contrast is nominally set to the 
proton transmission. 

From these data it is seen that the RMI spikes in the 
Ne gas behave much more like the vacuum series 
than do the RMI spikes in the Xe gas . This is 
interesting because the viscosity of Ne is about twice 
the Xe viscosity, i.e., 'l1(Nc) == 2'l1(xe). Further, because 
the density of Xe is about five times the density of 
Ne, the kinematic viscosity of Ne is about xlO the 

kinematic viscosity of Ne: 'l1(NcYP(Nc) '" 10 'l1(XeYP(Xe). 

The implication is that the Weber number We = 
PSnUsPk2 Ucr dominates the spike-breakup, where Lis 
the spike tip diameter, and cr is the surface tension. 

The discllssion of particle breakup is important to 
particle transport in gasses. We have highlighted We, 
but we also observe that hydro models predict that 
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Fig,. 7. Continuation of the vacuum, Ne, and Xe pRad RMI time-series data. Image times have 
been matched as well as could be done given that we adjusted the times after the vacuum series. 

the RMI spike tips will not continue to grow thinner 
with time, but rather that they will become blunted 
due to surface tension. This effect is nominally seen 
at around 11.6 Ils in the vacuum series, which implies 
the effect happens in the Ne and Xe series as well, 
but drag may be stripping liquid Sn off the blunted 
tips, streaming the material toward adjacent 
neighbors. This assumption is supported by the fact 
that the RMI spikes appear to breakup in the middle 
of the spikes in the Ne gas at time 15 .1 .Ils, and at 
time 12.1 Ils in the Xe gas. Close inspection reveals 
that there may be some evidence of the mass 
streaming from the fastest Ne spike tips, in the shape 
of a mach-stem, to their nearby neighbors at time 
11.4 Ils. 

The vacuum- and Ne-series velocimetry described 
earlier are presented in Figs. 8 and 9. The Xe 
velocimetry returned noise, perhaps due to scattering 
off of the shockwave front. Because of that it is not 
included in this report. 

In Fig. 8 the vaccum jump velocity is seen to be 
about 2.35 to 2.4 rrun/Ils on probes 2 and 4 (the flat 
regions). Also seen in these regions is a small amount 
of ejecta from the 16 Ilin. roughness surface. For the 
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region of ka = 1/4 (probe I), the bubble velocity Uoo) 
::: 2.2 mmllls, and for the region of ka = I the bubble 
velocity is Ubb) ::: 2 rrun/Ils. Both of these results 
should be compared with Uspk relative to Ufs. The 
spike velocities are also present in the probes 1 and 5 
data, and are seen to be Uspk ::: 2.9 mmllls for ka = 114, 
and U spk::: 3.9 mmllls for ka = 1. Also seen for both 
the bubble and spike velocities are the non-linear rise 
times for both regions. 

10 Fig. 9 the jump velocity in the Ne gas is seen to be 
about 2.4 to 2.5 rrun/Ils on probes 2 and 4 (the flat 
regions), and in these regions the velocity from the 
small amount of ejecta from the 161lin. is seen to 
decrease with time due to breakup and drag, as 
expected. For the region of ka = 1/4 (probe 1), Uspk::: 

2.9 mmllls initially, as before, but it quickly 
attenuates to about 2.3 rrun/Ils over a time period of 
about 17 Ils. For the region of ka = 1, Uspk ::: 3.9 
mmllls, initially, and it is seen to slow to about 2.7 
rrun/Ils . Also evident in the decreasing ejecta 
velocities are velocities well below the free surface 
velocity. This could imply that some mass will be 
recollected onto the liquid surface. The bubble 
velocities are not evident in either image, but the 
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Fig. 8. Vacuum Doppler velocimetry. Probe 1 is in the ka = 1/4 region, probe 2 in the adjacent flat 
region, probe 4 in the next flat region, and probe 5 in the ka = 1 region. 

proton radiographs show Ubbl"" 2.0 mmllls for the Ne. 

For the Xe gas experiment, the proton radiographs 
were used to estimate U' pk "" 2.4, and Ubbl "" 1.9 mmllls 
for the ka = 114 region, and in the ka = 1 region, Uspk 

"" 3.1 and Ubbl "" 1.9 mmllls. This implies that the 
inter-frame time of 700 ns is too slow to capture the 
initial bubble and spike velocities in the gas, but 
another explanation could be be that the density 
resolution of pRad is too low to compare with the 
Doppler velocimetry measurements. In contrast, the 
free surrace velocity reported from the radiographs 
shows a free swface velocity of Ufs ~ 2. I mmllls, 
which is lower than the velocity reported by the 
direct Doppler measurements. This implies that there 
is a dense layer of ejecta running in front of the 
surrace that the optical measurement cannot 
penetrate. As noted earlier, the Doppler 
measurements do show evidence of the ejecta layer at 
the metal interrace that was finished to 16 Ilin . 

In conclusion, these observations can be used for 
code validation and verification studies. This 
collection of results will be used to inform FYI0 
experimental packages and test our working ejecta 
model. Specifically, it is clear that A = 2.5 mm is too 
long for the x3 magnifier, and too similar in scale to 
the coupon thickness. The results also show that A = 
600 11m is resolvable, and that it is likely that this can 
be reduced to A:=: 450 11m and be resolved. The 

,,,,.,. ...... .. .,, 
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amplitudes are relevant and need not be changed, but 
the coupon thickness can be increased to as much as 
't = 10 mm. It is also possible to reduce the edge 
release effects by using a larger diameter booster and 
lens, especially when combined with momentum 
trapping concepts that isolate release waves from the 
central portion of the coupon. Other booster 
materials, such as PBX 9502 or TNT, can be used to 
reduce the peak stress, PSB , to levels near 20 GPa, 
allowing full investigation of other components of 
our ejecta model development. 
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region, probe 4 in the next flat region, and probe 5 In the ka = 1 regIon. 
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